Whereas the neurodegeneration associated with various polyglutamine (polyQ) diseases has prompted extensive studies of polyQinduced cell death, the neuronal loss that typically appears during late stages of the diseases may not account for the preceding movement and mental disorders. The cellular basis for polyQinduced neuronal dysfunction preceding neuronal cell death remains largely unknown. Here we report defective dendrite morphogenesis within a specific subset of neurons due to polyQ toxicity that can be dissociated from caspase-dependent cell death. Expressing pathogenic spinocerebellar ataxia type 1 (SCA1) or type 3 (SCA3) proteins in Drosophila larval dendritic arborization neurons caused neuronal type-specific dendrite phenotypes primarily affecting terminal branches. We further show that expression of pathogenic polyQ proteins in adult flies after the formation of neuronal dendrites also greatly reduced dendritic complexity. These defects are associated with disruption of dendritic F-actin structures that can be partially mitigated by increasing Rac-PAK signaling. Together, these findings suggest that specific actin cytoskeletal alterations that alter dendrite morphology and function may contribute to the pathogenesis of at least a subset of polyQ disorders, including SCA3 and SCA1.
disease model | genetic study P olyglutamine (polyQ) diseases are inherited neurodegenerative diseases caused by expansion of a trinucleotide CAG repeat within the protein coding region of the disease gene (1, 2) . To date, nine neurological disorders, including several types of spinocerebellar ataxia (SCA) and Huntington disease (HD), have been identified as polyQ diseases (2, 3) . Characteristic of expanded (pathogenic) polyQ proteins is their tendency to form aggregates together with many target molecules in afflicted neurons (1, 2, 4) . Recent studies suggest that the different protein context in various polyQ proteins may affect the kinetics of aggregate formation and the severity of toxicity as well as possible interactions with specific, but not all, targets (1, 5) . Notably, among the many identified molecules that interact with various pathogenic polyQ proteins accumulating within the nucleus, several nuclear proteins, such as CREB binding protein (CBP), interact with multiple different polyQ proteins (4) , indicative of the possible presence of common targets/pathogenic mechanisms shared by at least a subset of the polyQ proteins.
Because polyQ diseases are usually accompanied by substantial neuronal loss (1, 2) , it has long been assumed that the accumulated polyQ proteins trapping multiple target proteins may be toxic to the affected neuronal cells, causing massive neurodegeneration and neurological symptoms in patients. Besides neuronal cell death, neuronal abnormalities, including changes in dendrite morphology, have been reported in several studies of transgenic animal models or human patients for certain types of polyQ diseases, such as SCA1, SCA3, and HD (6-10). These neuronal abnormalities warrant experimental scrutiny, because neuronal loss tends to be associated with the late stages of polyQ diseases, following more than 10 y of manifestation of motor symptoms as well as mental disorders (2) . Indeed, behavioral symptoms are observed without massive neuronal loss in several HD and SCA1 transgenic mouse models (8, 11) and in a recent HD fly model (12) . Thus, a more extensive understanding of the changes in a neuron's cellular properties before cell death may uncover novel pathways implicated in the pathogenesis of polyQ diseases.
It is of interest that the aforementioned studies regarding polyQ-induced neuronal abnormalities (6-10) describe a range of dendritic changes with variable severity in several different types of neurons. Dendrite morphogenesis is a complicated process affected by many factors (13) , and it is unclear whether different polyQ proteins affect dendrite morphogenesis in similar or different ways. Thus, the cellular and molecular basis of the polyQinduced dendrite defects remains largely unknown despite their potential importance in the disease pathogenesis. To better understand polyQ diseases, it would be desirable to establish a model system to dissect the diverse and potentially complicated dendrite defects caused by various polyQ proteins.
Drosophila is a useful model system for polyQ disease studies. For example, expressing pathogenic SCA3, SCA1, or other polyQ proteins specifically in Drosophila eyes causes progressive eye degeneration (14-16), which is well suited for genetic modifier screens. These genetic approaches have identified a number of molecules, including HSP70 chaperone (17) as well as novel pathogenic mechanisms such as polyQ RNA toxicity (18) , to have significant roles in polyQ-induced cell death. However, given that Drosophila photoreceptor cells do not extend dendrites, additional assays are needed for the study of morphological defects of neuronal dendrites.
Recently, a group of Drosophila peripheral nervous system (PNS) sensory neurons, the dendritic arborization (da) neurons, have emerged as a suitable system for studying the cellular and molecular basis of dendritic abnormalities associated with neurological disorders. Da neurons have stereotyped dendrite branching patterns (19) , which can be labeled with genetically coded GFP for visualizing dendrite morphogenesis within live, intact animals. The da neurons are grouped into four classes (I-IV) based on their stereotyped dendrite arborization patterns (19) that are controlled in a neuronal type-specific manner by multiple factors, such as signaling molecules and transcription factors as well as specific intracellular organelles and cytoskeletons (13) . Here, we report our use of Drosophila da neurons as a unique model system to gain insight into the neuronal type-specific dendrite phenotypes caused by a subset of polyQ proteins and the underlying cellular and molecular mechanisms.
Results
Pathogenic SCA3 and SCA1 Proteins Induce Dendrite Phenotypes in da Neurons That Are Distinct from Dendrite Degeneration. To determine whether the Drosophila PNS can be used as a model system to uncover the cellular basis of polyQ toxicity affecting neuronal dendrites, we expressed several pathogenic polyQ proteins in da neurons. Because recent studies indicate that the normal protein activity in addition to the polyQ expansion in polyQ-containing proteins can contribute to the polyQ diseases (5, 20 , 21), we tested both truncated and full-length (FL) forms of several polyQ proteins (MJD-78Q, MJDFL-78Q, and SCA1FL-82Q). The MJD-78Q and MJDFL-78Q transgenes correspond to the truncated and the full-length mammalian MJD1/ataxin3/ SCA3 proteins containing expanded glutamine (Q) repeat, respectively (14, 22) , and the SCA1FL-82Q transgene corresponds to the pathogenic form of full-length mammalian ataxin1/SCA1 protein (15) . For comparison, we also examined the effect of expressing truncated or full-length polyQ transgenes with a much shorter Q tract (MJD-27Q, MJDFL-27Q, and SCA1FL-30Q) on da neuron dendrite morphogenesis. It has been previously shown that expression of long polyQ-containing MJD-78Q, MJDFL-78Q, or SCA1FL-82Q but not short polyQ-containing MJD-27Q or MJDFL-27Q transgene in Drosophila eyes causes severe eye degeneration phenotypes (14, 15, 22) . Interestingly, expression of SCA1FL-30Q can have effects in some tissues in the flies that are relatively milder than the effects caused by SCA1FL-82Q (15) .
Live imaging of dendrite morphologies of da neurons at 120 h after egg-laying (AEL), a time when the dendritic arbors are fully formed in normal larvae, revealed that expression of the MJD-78Q transgene in the class IV da neurons at either high or low levels caused striking dendritic abnormalities ( Fig. S1 and Fig. 1A ). Similar dendrite defects were observed in class IV da neurons expressing other pathogenic polyQ proteins (MJDFL-78Q and SCA1FL-82Q; Fig. 1A and Fig. S2 ). Because all control polyQ proteins containing a shorter Q tract (MJD-27Q, MJDFL-27Q, and SCA1FL-30Q) did not induce any detectable dendrite phenotypes in larval da neurons (Fig. S2) , we used one of them (MJD-27Q) as a control hereafter. These striking dendrite phenotypes became partially suppressed by coexpression of chaperone proteins (HSP-A1L), a well-known genetic suppressor of the polyQ-induced neuronal cell death (17) , with pathogenic polyQ proteins (Fig. S2 ), suggesting that polyQ toxicities associated with multiple different neuronal pathologies may share certain common features/mechanisms. Nonetheless, the observed dendritic changes in polyQexpressing class IV da neurons-greatly reduced dendritic branching (Fig. 1B) and complexity ( Fig. 1C )-were distinct from dendrite blebbing and breakages characteristic of dead or dying da neurons (23) . Moreover, coexpression of MJD-78Q with p35, a caspase inhibitor, failed to suppress the dendrite phenotypes (Fig.  S2) . Therefore, the dendrite phenotypes of neurons expressing these pathogenic polyQ proteins are distinct from degenerative cellular changes associated with caspase-dependent cell death.
To examine the neuronal type-specific effects of polyQ-induced dendrite defects, we expressed MJD-78Q within class III da neurons, which are characterized by extensive dendritic spikes/filopodia (19) , and class I da neurons, which are characterized by simple dendritic structures with few side branches (19) . Expression of MJD-78Q reduced filopodia formation of class III da neurons at 120 h AEL (Fig. 1D ), but had no obvious effects on the dendrites of class I da neurons ( Fig. 1D and Fig. S1 ). These results demonstrate that polyQ toxicity arising from the subset of pathogenic polyQ proteins examined in our study can induce neuronal type-specific dendrite phenotypes in da neurons. A plausible explanation for this neuronal type-dependent susceptibility of dendrite morphology to polyQ toxicity will be discussed elsewhere in this article.
PolyQ Toxicity from Pathogenic SCA3 or SCA1 Proteins Primarily
Affects Terminal Dendrite Branches in da Neurons. To determine how the dendrite morphology was altered, we monitored the establishment and maintenance of dendrites in polyQ-expressing da neurons. We found that the reduced dendritic complexity in class IV da neurons expressing pathogenic SCA3 or SCA1 proteins results from a reduction in the terminal branches but not the major dendrite branches (Fig. 1A) . Similarly, pathogenic SCA3 polyQ proteins could inhibit filopodia (dendrite terminal structures) formation in class III da neurons without affecting major dendrite branches (Fig. 1D) .
A reduction in terminal dendritic branches could have arisen from a reduction in branch initiation or an increase in branch loss, or both. To better understand this effect of polyQ toxicity affecting terminal dendrites, we examined the dynamic changes of dendrite terminals of class IV da neurons expressing MJD-78Q by timelapse live imaging. Dendrite terminal dynamics are readily detected within 30-min intervals in control (w1118) larvae and can be categorized as branch initiation, growth, retraction, and branch loss (Fig. S3) . At 96 h AEL, MJD-78Q but not MJD-27Q almost completely blocked growth and branch initiation of terminal dendrites (Fig. S3) . In contrast, though the total number of terminal dendrites showing retraction and branch loss was also highly reduced by MJD-78Q expression, after normalization to the smaller total number of terminal dendrites of these polyQexpressing neurons, the fraction of terminal dendrites exhibiting branch retraction or loss in MJD-78Q-expressing neurons was comparable to that in control neurons expressing MJD-27Q (Fig.  S3 ). These data suggest that the observed dendrite defects in larval da neurons result from impaired growth of dendrite terminals.
To examine the effect of polyQ toxicity on dendrite maintenance after establishment of dendritic field, we induced polyQ protein expression in da neurons during the adult stage after those neurons have developed (Fig. 1E) by using the RU486-inducible gene-switch GAL4 system (24) . First, we confirmed the strong induction of MJD-78Q expression following RU486 administration but not in control without RU486 (Fig. 1F) . This late induction of polyQ proteins caused progressive dendrite defects that primarily involve dendritic terminals (Fig. 1G ) similar to what we observed in developing da neurons during larval stage (Fig. 1A) , indicating that certain polyQ proteins not only affect dendrite terminal growth when expressed during development, but also that adult-specific expression of these proteins can compromise the maintenance of dendrite terminals in da neurons. In addition, we also examined whether these dendrite phenotypes can be reversed after short-term RU486 administration. Given the reported slow decay of gene-switch activity after RU486 withdrawal (25), we minimized the duration of RU486 administration and found that with only a 3-d administration after eclosion, adult da neurons displayed comparable defects as neurons experiencing constant drug exposure when both groups were examined 20 d after eclosion (Fig. S4) . These dendrite phenotypes were not noticeably reversed with aging when examined 40 d after eclosion (Fig. S4) , suggestive of the potential difficulty in efficient reversal of polyQ-induced neuronal changes.
PolyQ-Induced Dendrite Phenotypes Are Associated with Specific
Alterations of F-Actin Structures in Dendrites. The specific effects of pathogenic SCA3 and SCA1 polyQ proteins on class III and IV da neurons but not class I da neurons prompted us to examine the dendritic F-actin and microtubule cytoskeletons, which contribute differently to the dendrite morphology of different classes of da neurons (26) (27) (28) . We specifically labeled cytoskeletal structures in da neurons of living animals, using transgenic markers for F-actin (GMA, an F-actin-binding GFP fusion protein) (29) and for microtubules (tau-GFP) (24) . In wild-type class IV da neurons, Factin structures extended throughout the entire dendritic arbor and were enriched at many dendrite terminals (Fig. S5 ). In contrast, microtubular structures were present only in the major dendrite branches (Fig. S5) . Remarkably, these pathogenic polyQ proteins affected primarily the actin-rich class IV da neuron dendrite terminals and the class III da neuron filopodia containing only F-actin (26) but not the class I da neuron dendrites composed of mainly microtubular structures (26, 27) (Fig. 1D ). For this reason we explored the possibility that these pathogenic polyQ proteins preferentially disrupt F-actin structures in dendrites.
We found that the expression of pathogenic SCA3 or SCA1 proteins severely affected the distribution of F-actin structures in distal dendrites of da neurons (Fig. 2 A-C) . In many da neurons expressing polyQ proteins, dendritic F-actin structures did not localize to distal dendrites ( Fig. 2 A and B) . In contrast, microtubular structures in dendrites were not obviously altered by polyQ toxicity (Fig. 2 D and E) . The absence of severe microtubular defects again distinguishes the dendrite phenotype of polyQ toxicity from dendritic changes attributed to caspase activation, which causes severing of microtubular structures in major branches (30) . In addition, even though overall axonal morphology was unaffected by MJD-78Q expression, F-actin structures in the axon terminals of da neurons in the ventral nerve cord as well as neuromuscular junction (NMJ) were noticeably altered ( Fig. 2F and Fig. S6 ), whereas stable microtubular structures were unaffected (Fig. 2F and Fig. S6 ). These findings show that polyQ toxicity from pathogenic SCA3 or SCA1 proteins preferentially disrupts F-actin structures in the distal processes of neurons such as dendritic and axonal terminals.
Dendritic F-Actin Defects in PolyQ-Expressing Neurons May Result from Compromised Local Actin Regulatory Machinery. Next, we considered two possible models for polyQ-induced reduction in dendritic F-actin assembly. The observed F-actin defects may reflect a defect in actin regulatory machinery or, alternatively, polyQ proteins may trap or deplete actin monomers. To distinguish between these possibilities, we overexpressed actin monomers in da neurons expressing MJD-78Q. In these actinoverexpressing animals, we could still observe polyQ-induced dendrite defects (Fig. S7) despite the prominent actin distribution throughout the dendrites (Fig. 3A) , suggesting it is unlikely that the polyQ-induced dendrite phenotype is associated with depletion or trapping of actin monomers. Despite the abundance of actin monomers in these neurons, they often failed to be assembled into local structures that are normally present within the main dendritic shaft at the base of filopodia in class III da neurons (marked with arrows in Fig. 3B ). Thus, it seems more likely that the polyQ toxicity from a subset of polyQ proteins is associated with altered actin regulatory machinery in dendrites.
To explore this possibility, we examined dendritic distribution of several essential components of actin regulatory machinery, including Enabled/VASP, which is required for actin assembly; LIMK1, which regulates actin disassembly; and a phosphorylated form of Cofilin, a substrate of LIMK1 (31) . Because the endogenous level of these proteins was too low for detection by antibody staining, we expressed tagged LIMK1, or untagged Enabled or Cofilin, in da neurons and examined their intracellular distribution. Notably, MJD-78Q expression significantly reduced dendritic distribution of the actin regulators involved in actin assembly and disassembly (Fig. 3 C-F ), but had no detectable effect on the dendritic distribution of fluorescently tagged Rho1 GTPase, one of the upstream components modulating these actin regulators, in da neurons (Fig. 3 F and G) . The altered distribution of multiple actin regulators (Fig. 3 C-E) correlates with the pattern of polyQ-induced F-actin defects detected preferentially in dendrites ( Fig. 2 A and B) , suggesting that polyQ-induced F-actin defects may involve compromised local actin regulatory machinery within dendrites.
PolyQ-Induced Dendrite Defects Can Be Partially Suppressed by Increasing Rac-PAK Signaling, Which Strongly Promotes F-Actin
Formation. The observed changes of actin regulators in polyQexpressing neurons (Fig. 3 ) associated with dendrite defects could result from protein-level defects and/or mRNA-level defects of actin regulators. Given that pathogenic SCA3 and SCA1 proteins accumulate predominantly within the nucleus of Drosophila cells (14, 15) , similar to what has been shown in human patients and transgenic mouse models (2, 3), it seems unlikely that polyQ aggregates directly trap actin regulators or actin monomers, because these actin regulators and actin monomers did not show obvious nuclear accumulation in polyQ-expressing da neurons (Fig. 3) . We next explored the possibility that nuclear accumulation of toxic polyQ proteins may indirectly affect distribution of actin regulators by causing changes in the general nucleocytoplasmic protein shuttling or the nuclear retention of nuclear proteins, because many essential actin regulators localize to both the nucleus and the cytoplasm (32) . Our analysis of neurons expressing fluorescently labeled ribosomal proteins (RpL11-GFP), which are shuttled between the nucleus and the cytoplasm (33), revealed no alteration of the subcellular distribution of ribosomal protein by polyQ toxicity (Fig. S8) . In addition, the nuclear retention of nuclear-targeted dsRed proteins (Red Stinger) and the nuclear envelope structure marked by GFP-labeled Lamin (Lamin-GFP) were also not detectably altered by polyQ protein expression (Fig. S8) . These findings raise the question of whether polyQ-induced dendrite defects may involve mRNA-level changes of actin regulators, such as defective supply and/or processing of actin-regulator mRNAs.
Notably, we have obtained evidence for the mRNA-level defects in polyQ-expressing da neurons that may affect dendrites; the dendritic distribution of FMR1-positive granules (FMR1-GFP) that normally contain mRNAs required for local F-actin formation (28, 34) was highly reduced in polyQ-expressing da neurons (Fig. S8) . Moreover, we also found an interesting phenotypic similarity between the polyQ-induced dendritic changes involving altered dendritic F-actin structures and dendrite defects caused by genetic modulation of certain transcription factors such as Cut (27, 35) or RNA binding proteins such as Pumilio (36) and FMR1 (28) , supporting the notion that nuclear polyQ proteins that interact with numerous transcription factors and RNA-binding proteins (4, 15, 37) can cause specific dendritic changes possibly through mRNA-level changes of actin regulators.
Next, we tested whether increasing the level of certain components of the actin regulatory machinery could mitigate polyQinduced dendrite defects. Interestingly, overexpression of Rac1 or Rac2 GTPases, but not Profilin, Spir, Cappuccino, Enabled, LIMK1, or Cofilin, significantly promoted terminal dendrite formation in polyQ-expressing class IV da neurons (Fig. 4A and Tables S1 and S2). Overexpression of Rac1 could also partially restore dendritic F-actin structures in polyQ-expressing neurons (Fig. 4 B and C) . Moreover, expression of a constitutively active form of Rac1, Rac1-V12, in polyQ-expressing neurons caused even greater enhancement of terminal dendrite formation ( Fig.  4A and Table S1 ). Given that expressing Rac GTPases strongly promotes dendritic F-actin formation in control neurons as well as neurons expressing pathogenic polyQ proteins (Fig. 4B) , robust activation of actin regulators due to increased Rac GTPases seems to be strong enough to partially overcome polyQ-induced inhibitory effects on local actin regulatory machinery. Furthermore, expression of a membrane-bound (active) form of PAK, a downstream effector of Rac GTPases (31), also partially suppressed terminal dendrite defects as well as dendritic F-actin defects in 40% of polyQ-expressing da neurons (Fig. 4 A and C and Table S1 ). Taken together, these results suggest that polyQ toxicity in dendrites is associated with defective F-actin structures resulting from compromised dendritic actin regulatory machinery that can be partially mitigated by increasing the upstream Rac-PAK signaling.
Discussion
For many polyQ diseases, patients often suffer motor symptoms and mental disorders for many years before neurodegeneration and cell loss become prominent during late stages of the disease (2), suggesting that polyQ-induced neuronal abnormalities other than cell death may contribute significantly to the disease pathogenesis. However, the cellular basis for various neuronal abnormalities preceding neuronal cell death, which underlies polyQ diseases, remains largely unexplored. In this study, we used the Drosophila da neurons as a model system to study neuronal defects other than apoptosis that result from polyQ toxicity. We examined a subset of polyQ proteins (either truncated or full-length forms of mutated SCA3 and SCA1) and found that when overexpressed, they cause severe neuronal type-specific dendrite phenotypes through specific F-actin alterations in a similar way. Our Drosophila studies raise the question of whether dendrite alterations potentially caused by defects in regulation of the actin cytoskeleton occur before, or in the absence of, obvious neuronal degeneration in human patients carrying certain polyQ disease genes with expanded polyQ sequences such as SCA3 and SCA1. It will be interesting to further examine this possibility, for example, by using induced pluripotent stem cells (iPSC) derived from patients carrying these mutated polyQ disease genes. 
